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Introduction
Mercury is released into the environment by volcanic eruptions, earthquakes, erosion and leaching from the earth's crust. Mercury as vapour or inorganic compounds was present in the environment before the ¢rst living cells evolved. A new chapter was opened in the history of mercury at the earliest stages of evolution --the methylation of inorganic mercury by aquatic microorganisms. Although methyl mercury had the capacity to accumulate in the food chain, it did not hinder the evolution of Homo sapiens.
Human interest in mercury was raised by its unique physical appearance: a liquid metal must have magical, and therefore curative, properties, and in this capacity it was used as a germicide before the discovery of germs. Besides its germicidal e¡ects, liquid mercury is a good electrical conductor, has high density and surface tension, and responds uniformly to changes in temperature and pressure. The industrial use of these qualities created exposure situations in industries and in homes. A recent example of the ubiquity of mercury was the discovery of 91.7 kg of liquid mercury, mostly in bougies (43.3 kg) and sphygmomanometers (39.1kg), when a device inventory was conducted in six Californian hospitals. 1 
Toxicology

Mercury vapour
The entry route is inhalation. Owing to the high saturation concentration, 1g of mercury released from a broken thermometer will raise mercury concentration in an unventilated room of 70 m 3 to the level of 14 mg/m 3 . This compares to a minimum toxic level in the workplace of 50 mg Hg/m 3 . The pulmonary absorption from tidal air is about 80% and two-thirds of this is immediately transported in blood to other tissues. 2 As the brain is not protected from mercury vapour by the blood--brain barrier, deposition in the brain depends on how much mercury reaches it unoxidized. 3 Model experiments indicate that about 3% of mercury can be oxidized between the lung and brain 4 and the circulation time between the site of absorption and brain is an important factor. 3 An experiment with squirrel monkeys illustrates the di¡erence between vapour and mercury salts. Monkeys exposed to mercury vapour had 25% more mercury in the brain and 78% less in the kidney than monkeys given an equivalent load of mercuric chloride intravenously. 5 Ethanol inhibits oxidation of inhaled mercury vapour 6 and also inhibits the reoxidation of mercury vapour produced by the reduction of its oxidized form. 7 The consequence of this interference by alcohol has been shown in dentists who have a low level of exposure to mercury vapour: abstinent dentists were three-fold more likely to excrete 415 mg Hg/L in their urine than those dentists who consume alcohol. 8 Mercury vapour, unlike bivalent mercury, is able to pass through the placenta and reach the brain of the fetus. Experiments with pregnant squirrel monkeys exposed to mercury vapour for ¢ve days showed that the cerebellar concentration of mercury in the o¡spring was only 25% of the maternal concentration. 9 
Acute intoxication
Acute poisoning caused by mercury vapour is always connected with heating liquid mercury in a poorly ventilated space and the ¢rst sign is dyspnoea. One notable case ended with the death of a family of four after silver amalgam was heated in their home. Each member of the family experienced dyspnoea with chills, malaise and bilateral in¢ltration in the lung, and they died 10--21 days after the insult. The highest urinary mercury concentration was 423 mg/L. 10 Another report described the intoxication of four adults, one of them a pregnant woman, and three children after mercury--gold amalgam was heated in the kitchen. They became ill with paroxysmal cough, dyspnoea, chest pain, and nausea and vomiting. They were given penicillamine and all experienced a complete recovery from these acute e¡ects. The pregnant woman gave birth to a full-term, healthy infant 26 days after exposure when blood mercury concentration was 36 mg/L in the mother and 34 mg/L in the infant. 11 Similarly good recovery was seen in two infant victims of parental or grandparental gold prospecting. They did not receive chelation therapy, but a three-month-old infant received high-frequency oscillatory ventilation 12 and an eightmonth-old was intubated and ventilated with an infant-volume respirator. 13 The source of acute intoxication of occupational origin was the spill of 10 mL mercury from a broken thermostat in an oven of 4501C. Seven workers became ill with chills, chest pain, dyspnoea and pulmonary in-¢ltration. Two most severely a¡ected patients received British Anti-Lewisite (BAL). Their pre-treatment urinary mercury excretion was 1060 mg/24 h and 1160 mg/ 24 h, which doubled after BAL. 14 A similar outbreak was reported from a chlorine manufacturing plant where pipes ine⁄ciently cleared from mercury were cut with oxyacetylene torches. 15 
Chronic intoxication
Erethism (excitement, embarrassment, timidity when watched and tremor) and stomatitis with salivation are the classical signs of chronic mercury intoxication, but stomatitis also depends on oral hygiene. These signs are present after prolonged exposure resulting in urinary levels greater than 4300 mg Hg/L.
A domestic source of intoxication is usually liquid mercury spilled on the carpet. Two children became ill with tremor, social withdrawal, irritability, perspiration, rash and paraesthesia, a syndrome similar to the disease of acrodynia that used to be prevalent in children exposed to mercury in teething powders. At admission to hospital their blood mercury concentrations were 23 and 69 mg/L and urinary mercury concentrations were 1314 and 625 mg/L, respectively. 16 A similar chronic poisoning with acrodynia was caused by the contamination of two homes from liquid mercury, which led to the exposure of 20--25 children and adolescents. After a 14-year-old boy became seriously ill, it was found that the mercury concentration in his room was 1764 mg/m 3 . 17 (For further discussion of this disease, see the section on Idiosyncratic reactions.) For a long time, the ¢nger-to-nose test was part of the periodic medical examination of mercury-exposed workers, but with decreasing level of exposure there was a need for instrumental tests which give numerical values for tremor, skill, coordination and nerve conduction velocity. These methods proved su⁄ciently sensitive to detect improved test performance in workers when average urinary mercury concentrations decreased from 562 to 347 mg Hg/L over a six-month period. 18 It has lately been advocated that incipient or subclinical e¡ects of mercury exposure can be detected by decreased conduction velocity with shortened latency of visual evoked potential, but care must be taken to exclude other aetiologies. 19 The use of nerve conduction velocity and other diagnostic techniques, such as measuring postural and acceleration tremor, identi¢ed polyneuropathy not only in workers exposed to mercury vapour at the time of the test but also in those who were exposed earlier for 20--35 years and had a history of peak urinary mercury concentrations of 850 mg/L mercury. 20 In a group of chloralkali workers who had last been occupationally exposed 13 years before the tests were made and who experienced average urinary levels of 108 mg/L, 13% showed reduced distal sensation and 19% showed postural tremor/impaired coordination with or without defect in visual evoked response. 21 Performance in neurological and neuropsychological tests was also poor. 22 In the light of these ¢ndings, it is clear that risk estimates must be considered with a degree of reserve when interpreting studies that are based on the relationship between test performance and coexistent exposure without considering past high exposure. 23 The past exposure also causes problems in meta-analysis. 24 The kidneys can also be a¡ected by mercury exposure. Workers exposed to mercury with urinary excretion in excess of 100 mg Hg/g creatinine had increased urinary excretion of N-acetyl-beta-gluconamidase (NAG), 25 although in another group of chloralkali workers with means of 11 mg Hg/L blood (max 80 mg Hg/L) and 25.4 mg Hg/g creatinine (maximum 83.2 mg Hg/L) the increase was statistically not signi¢cant. 26 In workers previously exposed to mercury with average urinary mercury concentration of 106 mg/L 27 or in retired mercury miners (mean urinary Hg 68.4 mg /L, maximum 3900 mg/L), there was no increase in urine NAG activity. 28 NAG excretion was normal in previously heavily exposed chloralkali workers whose vibration sense, motor speed and tremor were worse than in unexposed subjects. 29 Thus it appears that the urinary excretion of NAG responds equally rapidly to an increase or decrease in exposure. 30 The conclusion is that NAG indicates an acute e¡ect of Hg, but not necessarily chronic renal cell damage.
Reproduction
Mercury vapour passes through the feto-placental membrane, although there is a protective gradient. Nevertheless, the exposure of pregnant rats to 1.8 mg/ m 3 mercury vapour on gestation days 14--19 was associated with behavioural defects in four-and ¢vemonth-old infants. 31 In female rats exposed to 1 and 2 mg Hg/m 3 (2 h per day for 11 days) there was no e¡ect on pregnancy rates or numbers of implants, but at higher exposure, 2 mg Hg/m 3 , there was a lengthening of the oestrus cycle and at 4 mg Hg/m 3 a decrease in the body weight of female rats. 32 Human data cover several relevant responses but are either negative or not convincing. An example is the positive in£uence of paternal exposure on spontaneous abortion only when no correction was made for previous adverse pregnancy outcomes. 33 The need for such a correction was emphasized by the authors of an earlier publication who found a marginal increase in the proportion of adverse pregnancies of 61 dental personnel, which lost signi¢cance after controlling for previous miscarriage history. 34 
Dentists and amalgam
In 1991, 18% of 9566 dentists attending an annual convention gave urine samples for mercury studies. Twenty-nine dentists (1.7%) had 419 mg Hg/L. The difference between chloralkali workers and dentists is that dentists are responsible for their own exposure. They may have emotional problems, often being tense, weary, confused and having di⁄culties in concentration. All these emotional problems lead to untidiness in work, resulting in increased urinary mercury excretion compared with their tidy colleagues. According to the authors, the tests demonstrated that these attributes were indeed increasingly present in those with mercury excretion 419 mg Hg/L, but they explained this di¡erence as consequence and not as cause. 35 Unfortunately the report gives only numbers derived from regression analysis without unadjusted numbers, so the merit of the work cannot be judged. In a Scottish population of 180 dentists (only 28% were volunteers), the mean urinary mercury concentration was 6.8 mg Hg/L (maximum 55 mg Hg/L). Several psychomotor tests gave signi¢cant di¡erences between the exposed and the control group, but among the dentists there was no signi¢cant association between changes in psychomotor response and biological indices of exposure as measured by mercury in urine, hair and nails. 36 Thus the search to de¢ne a borderline between toxic and non-toxic remained elusive in the lower range of exposure. The borderline is probably not sharp, but it cannot be far from 50 mg/g creatinine in urine for workers chronically exposed to mercury. This value was validated by a cross-sectional study based on several tests on 131 men and 54 women workers. 37 Mercury vapour is released from amalgam ¢llings and some is exhaled and some is absorbed. 38 In 15 subjects with 13--48 amalgam surfaces, the mean daily inhalation dose was 1.7 mg Hg (range 0.4--4.4 mg). 39 In another group with 3--48 amalgam surfaces the estimated dose was 4.5 mg/day. 40 Approaching the problem from another direction, a number of studies have attempted to relate amalgam surfaces to daily urinary mercury excretion. In one study, the daily urinary mercury excretion was given by [0.4 þ (0.08n)] mg, where n is the number of amalgam surfaces. 41 The latest survey from the USA of 1566 women aged 16--49 years has found that on average 12.3 posterior amalgam surfaces were associated with 1.34 mg/L urinary mercury excretion. It was calculated that every 10 new amalgam surfaces would cause a further 1.8 mg/L increase in urinary mercury excretion. 42 The American Dental Association issued a statement in 2003 with the following closing words: ' ADA continues to believe that amalgam is a valuable, viable and safe choice for dental patients and concurs with the ¢nding of the US Public Health Service that amalgam has continuing value in maintaining oral health'. 43 The British Dental Health Foundation Policy Statement on Dental Amalgam expressed the same opinion with the proviso that it is prudent to avoid placing or removing amalgam ¢llings during pregnancy. 44 The Swedish Dental Material Commission published a review on scienti¢c literature on mercury toxicity in general and included literature on amalgam. The review noted that few people with amalgam ¢llings ever exceed a urinary mercury excretion of 5.0 mg/g creatinine. However, it does warn that there are a few amalgam bearers (compulsive chewers and teeth grinders, and those using nicotine containing chewing gum to break the smoking habit), whose daily dose may attain 100 mg Hg, equivalent to a urinary excretion rate of 50 mg Hg/g creatinine. 45 The literature support for such warning is somewhat limited. 4HgCl 2 4HgSO 4 4Hg 2 Cl 2 4HgO. From ingested soluble mercuric nitrate 15% was retained by volunteers. 46 The absorption of mercuric chloride is lower but even the less soluble form, mercuric sulphate, has been reported to cause anuria. 47 The less soluble mercuric oxide in a dose of 40 g precipitated gastric signs but not anuria. 48 The solubility of Hg 2 Cl 2 is very near to the solubility of HgO and in spite of its earlier widespread use, there is no report on acute toxicity.
Mercuric chloride is the most corrosive inorganic salt. For example, following the ingestion of an amount su⁄cient to raise blood mercury concentration to 14.3 mg/L, the ¢rst signs were burning pain, vomiting turning to haematemesis and bloody diarrhoea. The ¢rst phase was followed by renal tubular necrosis associated with anuria. A fatal outcome was prevented by a combination of chelation: ¢rst with BAL, followed by dimercaptopropansulphonic acid (DMSA), a less toxic derivative of BAL, and haemodialysis. 49 A similar procedure was life saving after the ingestion of 900 mg mercuric chloride, which raised serum mercury concentration to 20 mg/L, equivalent to E16.0 mg/L in whole blood. 50 Haemodialysis and chelation was life saving after the ingestion of 1.5 but not 10 g mercuric chloride. 51 A patient who was given 2% mercuric chloride in peritoneal lavage to neutralize cancer cells from a ruptured cyst died on the sixth postoperative day, even though after 5 min all visible £uid was removed by suction. 52 Mercuric chloride, mistaken for mercurous chloride, was applied on cracked nipples of a mother who was breast feeding her infant. Both mother and child developed signs and symptoms of poisoning. 53 A young boy who mistook a white powder in his mother's medicinal bottle for sugar had1.92 mg/L mercury in his blood at his admission to hospital. 54 Phenylmercury is moderately renotoxic. On the ¢rst day after the intraperitoneal injection of 1mg Hg/kg as HgCl 2 or phenylmercury acetate to rats, the urinary excretion of alkaline phosphatase was increased only a thousand fold by HgCl 2 . 55 A patient had only mild transient albuminuria after heavy contamination from head to toe with a solution of benzene and glacial acetic acid containing 12% phenylmercury acetate. On the ¢rst day after exposure he excreted in urine 10.2 mg mercury. 56 A patient in an attempted suicide ingested 5682 mg methoxyethyl mercury chloride, which corresponds to 3584 mg mercury. As a result of vomiting and gastric rinsing, the absorbed dose was decreased to 850 mg. No toxic e¡ects were observed. 57 
Idiosyncratic reactions
Idiosyncratic reactions to mercurials require exposure but there is no relationship between the level of expo-sure and the severity of the response. Each mercurial has the potential to elicit hypersensitivity reactions.
The nephrotic syndrome has been described in workers exposed to mercury. The dominant signs were albuminuria and oedema. The authors interpreted the disease as an immunological reaction because urinary mercury excretion was low and the classical signs of mercurialism were absent. 58 This view received some experimental support: both mercuric chloride 59 and exposure to mercury vapour can cause glomerulonephritis in Brown Norway rats but not in Lewis strain rats. Increase in serum IgE concentration is the hallmark of the disease in the sensitive strain. 60 The rarity of nephrotic syndrome may explain why the concentration of immunoglobulin or complement components in previously exposed chloralkali workers was normal. 61 However, the nephrotic syndrome is not rare in African women who have used skin lightening creams containing ammoniated mercury. All the African women with the nephrotic syndrome had, at the time of use, 90--250 mg Hg/L in their urine. 62 Acrodynia (painful extremities) is also called Pink Disease after the pink colouration of sweating palms and soles. Other typical signs are irritability and sensitivity to light with scattered macular eruptions. Since 1950--53, when the General Register O⁄ce recorded 186 deaths from acrodynia, 63 the incidence of the disease has decreased. The main causative agent, mercurous chloride, used to treat helminthiasis and to alleviate teething di⁄culties, was withdrawn. Subsequently only sporadic cases have been caused by what remained in the household. 64 Acrodynia was also caused by liquid mercury dispersed in the home, especially on carpet, 17, 65, 66 phenylmercury added to the last wash of diapers, 67 or to latex paint used for interior decoration. 68 In all these instances, there was skin or mucous membrane contact with mercury. A unique case was of a 20-year-old man who had a history of sensitivity reactions. After 15 years of replacement therapy of protein-losing agammaglobulinaemia with gamma globulin injections containing thimerosal, he developed acrodynia. 69 Mercury in both the inorganic and organic form can cause sensitization with contact dermatitis. The widespread use of thimerosal in pharmaceutical products explains the number of positive patch test reactions but despite this, thimerosal has a low prevalence of sensitization. 70 Patients with a positive skin reaction appear to have a preponderance of gene deletions of glutathione S-transferases M1 and T1. 71 
Methyl and ethyl mercury
Volunteers absorbed 94% of the ingested methyl mercury whether given as methyl mercuric chloride or in ¢sh tissues. 46 The larger ethyl mercury molecule probably has slightly lower absorption, but of the two alkyl mercurials ethyl mercury is mostly given parenterally. After ingestion, the concentration of methyl mercury is 13--21 times higher in erythrocytes than in plasma. 46, 72 Methyl mercury subsequently concentrates in brain because it forms MeHg-L-cysteine complex, which mimics the molecular structure of methionine. In this form methyl mercury crosses the blood--brain barrier by the L-type amino acid transport system. 73, 74 Ethyl mercury does not have the same transport, but may share with methyl mercury the formation of bis-alkylmercury selenide. Through this reaction selenite decreases renal and increases brain mercury concentration of methyl mercury. 75, 76 An additional di¡erence between methyl and ethyl mercury is in clearance rates. Mercury clears from the blood compartment in adults after the administration of methyl mercury with a half-life of 50 days. This halftime is used in calculations by the US Environmental Protection Agency (EPA), 77 the Agency for Toxic Substances and Disease Registry (ATSDR) 78 and the World Health Organization (WHO) 79 to relate daily intake to blood levels. The clearance of ethyl mercury is signi¢cantly faster than that of methyl mercury in adults 80 and even faster in infants. 81 Di¡erences in the deposition of mercurials in the blood, brain and kidney are shown in Table 1 .
Toxicology
Comparison of the clinical signs in methyl mercury 88, 89 and ethyl mercury epidemics 90 indicates that while the kidney was not a¡ected by methyl mercury, ethyl mercury exerted renal toxicity, and that ethyl mercury was less neurotoxic than methyl mercury. Moreover, in two victims who died from ethyl mercury poisoning, blood mercury concentrations were 15.0 and 15.5 mg/ L, 91 which is three times the 5 mg Hg/L level found in fatal cases of methyl mercury intoxication in the same country. 89 The di¡erence between the kinetics of the two alkylmercurials has been demonstrated in animal experiments. Given identical doses, more total mercury is deposited in the brain of mice, 82 rats 86 and monkeys 87 after the administration of methyl mercury than after ethyl mercury. The concentration of inorganic mercury was much lower in the brains of methyl-mercury-treated rats than in those of rats given the same dose of ethyl mercury. The methyl-mercury-treated rats su¡ered brain damage, whereas rats identically dosed with ethyl mercury had no brain damage. The dose of ethyl mercury had to be increased to the borderline of a lethal dose to elicit some brain damage. 86 This crucial di¡erence eliminates the aetiological role of inorganic mercury derived from the decomposition of alkylmercury. This conclusion is supported by case reports of victims of methyl and ethyl mercury poisoning. A patient who ingested 83 mg/kg thimerosal (41mg Hg/kg) had 14,000 mg/L blood mercury and developed anuria, coma, polyneuropathy and respiratory failure. He had a complete recovery with no permanent brain damage. 92 A methyl-mercury-exposed worker had 1840 mg Hg/L blood and su¡ered similarly severe intoxication, but remained ataxic, dysarthric and with constricted visual ¢elds. 93 It is possible that due to the immediate availability of a sensitive analytical method 94 to relate the prevalence of signs and symptoms of methyl mercury poisoning to blood and hair levels in adults; paraesthesia, ataxia and visual changes were not observed below o500 mg/L blood mercury, nor were dysarthria and hearing defects observed below o1000 mg/L and death below o3000 mg/L. 89 It was also possible to relate the prevalence of mild adverse e¡ects in prenatally exposed infants to maternal hair mercury concentration during pregnancy. Twenty-two out of the 81 pregnant women had hair mercury concentration 4125 mg/g, which on average corresponds to 500 mg/L in blood. This level is certainly in the toxic range and accordingly 10 of the women had paraesthesia and more severe signs. 95 This report on the developmental defects of o¡spring is unique because all data were given for each individual. A full analysis reveals the borderline between toxic and non-toxic at 10 mg Hg/g hair (40 mg Hg/L blood) but with a large con¢dence interval. 96 
Epidemiology of prenatal exposure
Two large epidemiological studies were launched in the Faroe Islands in the North Sea 97 and in the Seychelles Islands in the Indian Ocean. 98 The two islands di¡er in climate and in polychlorinated biphenyl (PCB) concentration, which is high in the North Sea and low in the Indian Ocean. In the cold climate of the North Sea, the possibility that the father smokes within the dwelling is very much higher than on a tropical island. Despite the fact that alcohol and smoking are well recognized for their adverse e¡ects on the fetus, the data are reported only as percentage of abstainers for the mothers, and even this information is missing for the fathers. In contrast methyl mercury, whose prenatal e¡ects at these levels are still open to question, was measured in nanogram units to at least two signi¢cant ¢gures in hair and blood samples from all mothers and their o¡spring.
There are two inherent problems when adverse e¡ects of mercury are targeted at low exposure. First, no one has a zero concentration of mercury. Second, the target responses are not speci¢c to methyl mercury. An apparent solution is o¡ered by the benchmark method, which designates the role of controls to a certain percent of the population with the lowest exposure. The EPA in the evaluation of the Faroese study designated 5% of the population (P o of 5%) at the lower end of umbilical (or hair) mercury concentrations as controls, and the concentration that corresponded with doubled response (BMR) is called the benchmark dose (BMD). The no observed adverse e¡ect level (NOAEL) is assumed to be the lower 95% con¢dence limit of BMD, and is termed the BMDL. It was calculated to be 58 mg Hg/L blood. The so-called reference dose, which is assumed to be a safe, virtually risk-free lifetime daily intake, was set at 0.1 mg Hg/kg/day. It was calculated by applying an uncertainty factor of 10 to BMDL and converting the blood level of 5.8 mg Hg/L to long-term daily intake using pharmacokinetic parameters. 77 The outcome of the BMD calculation is in£uenced by the chosen percentile for controls, whether BMR is 5% or 10%, and by the selection of the dose response model. In the large Faroese study, BMR and BMDL given by the linear and logarithmic dose response models di¡ered by a factor of between10 and 30. In smaller studies the model dependence on BMR would be larger. 99 An interesting aspect of BMD calculation was revealed when data from a group of Japanese children with no dose-related response were mixed with data from Madeiran children having 16.18 mg Hg/g BMD and 9.36 mg Hg/g BMDL. In the combined group BMD became 16% and BMDL 8% lower, so the dilution of a responder group with a non-responder increased risk. 100 Another example is given by the application of the BMD to the Seychelles study. In this study no methyl mercury related e¡ects were observed, but the BMD analysis gave BMDL intake as 1.8 mg/kg/day. 101 ATSDR choose the Seychelles study, 78 which found no evidence of adverse developmental e¡ects in 66-month-old children. The mean maternal hair concentration in the highest exposure group was 15.3 mg Hg/g and in the analysis this was considered as the NOAEL. The corresponding intake for this hair mercury concentration is 1.3 mg Hg/kg/day, which divided by an uncertainty factor of 4.5 gives 0.3 mg/kg/day minimal risk level. 78 WHO occupied a middle position between EPA and ATSDR and suggested a provisional weekly tolerable intake of 1.6 mg Hg/kg/week, which corresponds to 0.23 mg Hg/kg/day. 79 The di¡erence between these tolerable daily intakes is trivial from a toxicological viewpoint, but it is not trivial when recommended intakes are interpreted as meaningful borderlines between safe and unsafe. Thus in a survey on mercury levels, the authors distinguish between women who have blood concentrations below or above the 5.8 mg Hg/L corresponding to the EPA guideline. 102 As a result of such calculations, estimates are given of children 'at risk' of brain damage. Such numbers can be alarming. For example, in the USA, claims have been made that as many as 600,000 children are at risk. In contrast, if the ASTDR or WHO guidelines are used the result would be that virtually no children are at risk.
The fact is that the reference dose was never intended as an estimate of risk but only as a population guideline. The safety factor and assumptions involved in the calculation of reference dose make it impossible to determine the magnitude of risk at this low mercury level, if indeed any risk exists at all.
A review on the administration of thimerosalcontaining vaccines makes the misleading statement that cumulative mercury (total ethyl mercury intake from vaccination in the ¢rst year of life) exceeds the EPA reference dose for methyl mercury. 103 There is no warning that the EPA guideline was the result of a back calculation from steady-state mercury concentrations and it cannot be applied to thimerosal in vaccines with intakes separated from each other by months of intakefree clearance. Moreover, due to lower accumulation in the brain, lower neurotoxicity and faster clearance, it is justi¢ed to conclude that in the absence of an established human dose--response relationship for ethyl mercury, any intake limit set for methyl mercury gives an additional protection for ethyl mercury.
For consumers of seafood, the di¡erent intake limits have little importance. The advice of the Food Standard Agency is that unlimited quantities of tuna or other ¢sh can be consumed. During pregnancy, however, shark, marlin or sword¢sh should be avoided, and tuna should be alternated with mackerel, herring, sardine, trout or salmon. 104 Paradoxically, when the source of mercury in prenatally exposed children is ¢sh, bene¢cial outcomes correlate with mercury levels because ¢sh supplies bene¢cial micronutrients. 105 From time to time new risks are claimed or old claims are repeated. For methyl mercury it was coronary heart death and for ethyl mercury it is autism. The Finnish intake of methyl mercury of 7.6 mg Hg/day and the obsolete 3.5 mg Hg/day in the USA seemed to relate to differences in coronary heart death between Finland and the USA. An epidemiological study was launched which con¢rmed the hypothesis that methyl mercury has a role in coronary heart disease (CHD). 106 Unfortunately, the hypothesis was undermined by the FDA Total Diet Study (1986--99) , which reported that the daily intake in the USA was 8.6 mg Hg/day. 78 The link of thimerosal in vaccines and autism has passionate supporters in spite of the fact that in Denmark the use of thimerosal-containing vaccines was discontinued in 1992 without any e¡ect on the rise of autism. 107 A critical review concludes that reliable epidemiological studies support no link between thimerosal and autism. 108 A recently published study based on monitoring 414 000 children also states that early exposure to thimerosal has no deleterious e¡ect on neurological or psychological outcomes. 109 
Biological monitoring and the diagnostic use of mercury estimation
There are no characteristic signs of poisoning by mercurials. This explains why in the absence of a proper history of exposure, the diagnosis is usually delayed. The most memorable example is the outbreak of methyl mercury poisoning in Minamata. This outbreak, called Minamata Disease, was ¢rst diagnosed as an infection, and later as poisoning due to selenium, manganese or thallium. Some two years after the admission of the ¢rst patient to hospital, a visiting Scottish physician recognized the similarity between Minamata Disease and cases of methyl mercury poisoning ¢rst described by Donald Hunter in occupationally exposed workers. 110 It is now recognized that the measurement of mercury in biological samples such as blood, urine or hair is a key component in the diagnosis of poisoning from any species of mercury.
The source of mercury in the general population is either dietary or amalgam. In 1709 women of childbearing age, the geometric mean concentration in blood was 1.02 mg Hg/L with 7.15 mg Hg/L as the upper 95th percentile. In 705 children, the corresponding concentrations were 0.34 and 2.28 mg/L. 102 Any blood sample having a blood mercury concentration over 25 mg/L requires the identi¢cation of the source of mercury intake.
No reliable relationship has been established for the concentration of mercury in urine or blood and the ingested dose of inorganic mercurial salts or phenylmercury and alkoxyalkylmercury. However, it has been suggested that intervention should be considered Ann Clin Biochem 2006; 43: 257-268 in symptomatic patients with 4100 mg Hg/L in blood and in any patients with a blood concentration 4200 mg Hg/L. 111 A reliable relationship has been determined only for mercury vapour. The Commission of European Communities Criteria Document gives a detailed discussion, supported by tabulated data, on the relationship between mercury concentrations in air and that of blood and urine of mercury-exposed workers. 112 The relationships of exposure measured as time weighted air concentrations in mg Hg/m 3 and urine concentration is well established, especially when urinary mercury is expressed in mg Hg/g creatinine. Several studies have indicated empirical correlations between mercury concentrations in blood and urine. For example it has been reported that the blood concentration in mg Hg/L was equal to one-third the urinary mercury expressed as mg Hg/g creatinine plus 2 mg Hg/g. 112 However, kidney tissue is the major, if not the only, source of urinary mercury and it is also the organ that has the highest accumulation of inorganic mercury. Thus it is likely that the observed relationships of both exposure and blood mercury with urinary mercury are indirect insomuch as mercury must accumulate ¢rst in kidney tissue prior to excretion in urine. 113 The matrices for the biological monitoring of methyl mercury exposure are whole blood (not serum) and scalp hair. Mercury can be measured in maternal and umbilical blood. In umbilical blood the concentration of mercury is higher than in maternal blood at the end of pregnancy 114 but slightly lower at early pregnancy. 115 The estimation of mercury in segments of hair, assuming 1cm growth per month, illustrates the history of exposure, more exactly in a single hair than a bunch of hair. 116 Two examples showing the history of exposure are given in Figure1. On average the concentration in hair is approximately 250 times the simultaneous concentration in blood but with wide variation between individuals. Despite this variation, the concentration ratio of 250 has been used by all regulatory organizations to convert hair to blood mercury concentration. A study in Japan has found that arti¢cial hair waving can decrease hair mercury concentration by about 30%. 117 However, in the USA, a recent comprehensive study of mercury levels in human hair found no e¡ect of cosmetic treatment on hair mercury levels. It would appear that under conditions of actual use of these cosmetic preparations, no mercury is lost from hair. 118 Removal of mercury with chelating agents usually results in an increase in urinary mercury excretion and this has been proposed as a diagnostic test for a 'hidden' mercury burden. However, this is not always reliable as shown by the lack of di¡erence in response to DMSA between previously exposed workers and con-trols. 119 When chelation increases excretion, there is a problem with interpretation and the problem is increased when there is no baseline value and mercury is estimated only once. 120 The following example illustrates the di⁄culties. In one study,30 mg DMSA/kg/day was given for ¢ve days to a family of 10, and excretion was estimated before and during chelation. A child with the highest initial mercury excretion had no DMSA-induced increase, while the two children with the highest increase had the lowest initial mercury excretion. The peak excretion occurred on the fourth day only in two patients. 121 Chelation itself carries health risks to the patient. Indeed it is unjusti¢ed and even harmful to give a chelator without a diagnosis of mercury poisoning and without a diagnosis supported by mercury measurements. 122 
Mercury analysis
The collection of biological samples should be conducted with great care to avoid external contamination. 123 Infection of samples with microorganisms can cause loss of mercury by volatilization. 124 Urine Figure 1 The history of exposure as recorded by segmental hair mercury concentrations in an Iraqi woman victim of the methyl mercury epidemic (upper curve) and in a North American Indian girl whose exposure followed the fishing season (lower curve). From the authors' collection samples of 5--15 mL should be collected in plastic sterillin-type containers using a non-metallic cap and no preservative.When storage is needed, samples must be frozen to avoid loss of mercury. For blood samples, 5--10 mL volumes should be collected in K-EDTA or lithium--heparin or in royal blue top (metal free) tubes with EDTA. If blood samples need to be frozen for transport or for long-term storage, microclots may form. Under these circumstances, blood should be homogenized after thawing to give a uniform dispersion of mercury before an aliquot is taken for measurement. Hair samples are cut close to the scalp with surgical scissors, secured with a cotton thread and placed in a clean envelope for transport and storage. Mercury estimation is not economic in laboratories where the need arises only occasionally. In the UK, it is possible to arrange mercury estimations in biological media by contacting the following: 
Addendum to 'Dentists and amalgam'
While this article was in press, Bellinger DC et al. 125 con¢rmed the safety of amalgam restorations in children. In the study group, the ¢rst contact with amalgam was at 6--10 years of age and during ¢ve years a mean of 15 tooth surfaces were restored. There were no di¡erences between children with amalgam or composite material restorations in full scale IQ, general memory index, visiomotor composite scores or urinary albumin excretion.
